Objective: Dental caries is caused by prolonged episodes of low pH due to acid production by oral biofilms. Bacteria within such biofilms communicate via quorum sensing (QS). QS regulates several phenotypic biofilm parameters, such as biofilm formation and the production of virulence factors. In this study, we evaluated the effect of several QS modifiers on growth and the cariogenic potential of microcosm oral biofilms. Methods: Biofilms were inoculated with pooled saliva and cultured in the presence of sucrose for 48 and 96 h. QS modifiers (or carrier controls) were continuously present. Lactic acid accumulation capacities were compared to evaluate the cariogenic potential of the biofilms. Subsequently, biofilm growth was quantified by determining colony forming unit counts (CFUs) and their ecology by 16S rDNA-based microbiome analyses. The minimal inhibitory concentration (MIC) for several Streptococcus spp. was determined using microbroth dilution. Results: Of the tested QS modifiers only 3-oxo-N-(2-oxocyclohexyl)dodecanamide (3-Oxo-N) completely abolished lactic acid accumulation by the biofilms without affecting biofilm growth. This compound was selected for further investigation. The active range of 3-Oxo-N was 10Á100 mM. The homologous QS molecule, acyl homoserine lactone C12, did not counteract the reduction in lactic acid accumulation, suggesting a mechanism other than QS inhibition. Microbial ecology analyses showed a reduction in the relative abundance of Streptococcus spp. in favor of the relative abundance of Veillonella spp. in the 3-Oxo-N exposed biofilms. The MIC of 3-Oxo-N for several streptococcal species varied between 8 and 32 mM. Conclusion: 3-Oxo-N changes the ecological homeostasis of in vitro dental plaque. It reduces its cariogenic potential by minimizing lactic acid accumulation. Based on our in vitro data, 3-Oxo-N represents a promising compound in maintaining a healthy, non-cariogenic, ecology in in vivo dental plaque.
D
espite decades of intensive research and improved preventive strategies, caries is still the most prevalent dental disease in the world; nearly all adults have experienced dental cavities (1) . Caries is caused by bacteria in oral biofilms that convert fermentable dietary carbohydrates to organic acids. This creates an acidic environment in which first the enamel surface of the teeth and subsequently dentine is dissolved. Caries eventually develops upon prolonged and repeated episodes of increased acidity.
Oral biofilms consist of many microbial species embedded in a polymeric matrix. They use intricate mechanisms to manipulate each other's behavior (2) . Microbes can communicate with their community members via sophisticated cell-density-dependent communication systems termed 'quorum sensing' (QS) systems (3) . QS systems generally consist of a signaling molecule and a specific receptor. Specificity of the molecule and of the receptor varies. Gram-negative bacteria generally use LuxI/LuxRtype QS systems to generate species-specific acylated homoserine lactone (HSL) autoinducer. Gram-positive bacteria use species-specific autoinducing peptides (AIPs) to communicate within biofilms. Apart from these speciesspecific signals, microbes in biofilms can also register the presence of other species. Interspecies signaling, mediated via the autoinducer-2 (AI-2) produced by LuxS, is a widespread interspecies QS signal (3) . LuxS has been detected in many Gram-positive as well as Gram-negative oral bacteria. McNab and coworkers (4) showed that Streptococcus gordonii is not able to form mixed-species biofilms with Porphyromonas gingivalis in the complete absence of AI-2. If only one of the species was LuxSimpaired, mixed biofilms could still form, suggesting that AI-2 of either of the species complemented the LuxS mutation in the other (4) . In addition to interspecies signaling, AI-2 also functions in intraspecies signaling. Virulence of P. gingivalis depends partly on the ability to stimulate the inflammatory response of the host, and this is significantly reduced in a P. gingivalis LuxS mutant (5) . Due to the extracellular nature of QS signals, these signals can also be detected by many other organisms in the direct vicinity, including fungi and even the host. For instance, the fungus Candida albicans is able to detect the AIP produced by Streptococcus mutans (6) and IA-2 produced by Aggregatibacter actinomycetemcomitans (7). HSL-based QS signals are detected by macrophages of the host and modulate the immune response (8) . Therefore, modulation through QS signals is capable of influencing the complete breath of ecology.
Thus, QS are ubiquitous, extracellular signals that affect virulence, biofilm formation, and biofilm interactions in single species, dual species, and polymicrobial oral biofilms. While the importance of QS in modulating the pathology of complex oral communities is recognized, this has not yet been evaluated in detail. In this study, we describe the effect of several QS modifiers on biofilm growth and cariogenic potential of microcosm oral biofilms.
Materials and methods

Inoculum collection and strains
Whole human stimulated saliva was collected on ice and from 10 (self-reported) healthy donors who refrained from oral hygiene for 24 h before the donation (9) . Saliva was two-fold diluted with 60% sterile glycerol, aliquoted, and stored at (808C. A pooled sample was prepared before use by mixing 200 l of thawed saliva from each donor and vortexing for 30 s. Pooled saliva was diluted 50-fold for inoculation of the biofilm model.
Reference strains of Streptococcus species used for determination of the minimal inhibitory concentration (MIC) were S. mutans UA159 (ATCC700610), C180-2, C67-1 and HG723, S. mitis LMG14557, S. gordonii ATCC35105, S. salivarius 57 I, S. sanguinis DSM20567, S. oralis ATCC35057, and S. sobrinus DSM20742.
Test compounds
Different QS modifiers were selected for this study. The molecule 3-oxo-N-(2-oxocyclohexyl)dodecanamide (3-Oxo-N) is a structural homologue of the N-3-oxododecanoyl-L-homoserine lactone (C12-HSL) and known to inhibit biofilm formation in Pseudomonas aeruginosa (10) . The (Z-)-4-bromo-5-(bromomethylene)-2(5H)-furanone (Furanone C30) is known to inhibit AI-2 activity in S. mutans (11) . Brominated furanones also inhibit AI-2 QS signals (12) . Therefore, 3,4-dibromo-2(5H)-furanone (3,4-dibromo) was selected. As a control, the effect of the AI-2 precursor (S)-4,5-dihydroxy-2,3-pentanedione (DPD) was evaluated.
All compounds (Table 1) , except DPD and C12-HSL, were obtained from Sigma Aldrich (St. Louis, MO). Synthetic DPD and C12-HSL were kindly provided by Dr. Meijler, Ben Gurion University, Israel. The compounds were dissolved in dimethylsulfoxide (DMSO) and stored at (208C. The compounds, or carrier controls, were continuously present at the indicated concentrations during biofilm growth, but not during further phenotypic analysis (i.e. lactic acid accumulation assay).
Biofilm formation
The well-established Amsterdam Active Attachment Model [AAA-model (13) ], assembled with 12 mm glass coverslips (Menzel, Braunschweig, Germany), was used for in vitro oral biofilm formation. Buffered semi-defined McBain medium (13) , supplemented with 0.2% sucrose, was used for biofilm growth. Four replica biofilms per condition were grown for 48 and 96 h in continuous presence of the test compounds (Table 1) , as described previously (13) . Briefly, the AAA-model was inoculated 
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with McBain with 0.2% sucrose, test compound or DMSO as carrier control, and pooled saliva, and incubated anaerobically at 378C for 8 h allowing the microbes to attach to the glass surface. After the 8 h attachment period, the inoculation medium was refreshed by transferring the lid with the coverslips to a new plate, containing fresh, sterile McBain medium with 0.2% sucrose and test compound or DMSO, and in vitro oral biofilms were grown for 16 h. This refreshment routine was repeated daily until the day of harvesting.
Biofilm quantification
To harvest the biofilms, the glass coverslips were transferred into 2 ml phosphate buffered saline. Biofilms were dispersed by sonication on ice for 1 min with a pulse rate of 50%, pulses of 1 sec and a vibration amplitude of 40% (Vibracell VCX130, with a maximum of 130 Watts and 20 kHz) (9) .Total anaerobic colony forming units (CFUs) were determined to estimate the amount of biofilm formation (13) . In brief, dispersed biofilms were serially diluted and plated on tryptic soy agar blood plates.
After 96 h of anaerobic incubation at 378C, CFUs were determined by counting the number of colonies for each dilution.
Acid accumulation assay
Lactic acid accumulation by the biofilms was determined prior to harvesting, to estimate the cariogenic potential of the polymicrobial communities (13) . Biofilms were incubated anaerobically (378C) in sterile buffered peptone water (BPW) with 0.2% sucrose for 3 h. The total amount of lactic acid accumulated in 3 h (in mM) per biofilm was determined using a colorimetric assay (14) .
Competition of QS molecule and inhibitor
The effect of the natural QS molecule acyl homoserine lactone C12 (C12-HSL) on the inhibition of lactic acid accumulation by 3-Oxo-N was evaluated using a checkerboard-like approach. Biofilms were grown for 48 h in the presence of 0, 25, or 100 mM 3-Oxo-N and competing concentrations of 0, 25, or 100 mM of C12-HSL. After growth, the cariogenic potential of the biofilms was determined using the acid accumulation assay.
DNA isolation and amplicon sequencing
Two of the four replica biofilms of each condition were used for microbiome analysis. DNA was isolated as described previously, using phenol bead beating followed by Agowa nucleic acid isolation according to the manufacturer's instructions (LGC Genomics, Mag mini kit) (9) . Briefly, cells were mixed with TRIS-saturated phenol, pH 8, 0.1 mm zirconium beads, and Mag lysis buffer and were mechanically disrupted four times at 1,200 rpm for 2 min. The DNA containing phase was added to binding buffer and magnetic titanium beads. After washing the beads, according to the Agowa Mag mini DNA extraction protocol, the DNA was eluted from the beads with 63 ml elution buffer (Agowa). The amount of bacterial DNA after purification was determined by QPCR, using a universal primers-probe set targeting the 16S rRNA gene (15) . For amplification of the V4 hypervariable region of the 16S rRNA gene 100 pg DNA was used as described previously (15) except that 5 mM of each primer was used and 30 cycles were performed. Using Fragment analyzer, the generated amplicons were checked for quality, pooled equimolarly, and purified from agarose gel (Qiagen, Roermond, The Netherlands). Paired-end sequencing of the amplicons was conducted on the Illumina MiSeq platform (Illumina Inc., San Diego, CA) using the Illumina MiSeq reagent kit V2 to generate 200-bp paired-end reads.
Data processing and analysis
The sequencing data were processed in mothur (16) as described in supplementary methods (Supplementary File S1). Briefly, after merging the reads, the sequences were aligned, pre-clustered, and chimeric reads were removed. Sequences occurring less than 10 times were removed as well. Sequences were clustered into operational taxonomic units (OTUs) at 97% similarity using the ribosomal database project (RDP), naïve Bayesian classifier (17) , and the mothur-formatted version of the RDP training set v.9 (trainset9_032012). A consensus taxonomy was assigned to the OTU, bases on the taxonomy of its member sequences. In addition, the OTU-representative sequences were assigned a species name based on the human oral microbiome database (18) . A genus-level summary was used to calculate the percentage abundance of all genera.
Minimal inhibitory concentration determination
The MIC of 3-Oxo-N for different streptococcal species was tested using reference strains in pure culture. One colony of each Streptococcus species was cultured overnight in 5 ml brain-heart infusion (BHI) (BD Diagnostic Systems, Sparks, MD) at 378C. Cultures were diluted and mixed in a 96-well plate 1:1 with a serial dilution of 3-Oxo-N in BHI (final concentration of 1)10 7 CFU/ml Streptococcus and 2Á1,000 mM 3-Oxo-N). DMSO was used as carrier control. The plate was incubated for 24 h anaerobically at 378C and optical density was measured at 600 nm. The lowest concentration without significant growth was assigned as the MIC value.
Statistical analyses
For statistical comparison of biofilm formation or lactic acid accumulation in different groups, a two-sided t-test was used. Groups were considered statistically different if pB0.05.
The OTU table was randomly subsampled at 3,400 reads/sample (the lowest number of reads/sample) and used for Shannon Diversity Index calculation in PAST software (19) . The multivariate OTU dataset was log 2 transformed and ordinated by principal component analysis (PCA) into two dimensions using PAST.
Results
Quorum sensing modifier screening Biofilm phenotypes, grown in the presence of different QS modifiers were compared after 48 and 96 h of growth. After 48 h, biofilm formation was only minimally affected by 3-Oxo-N and Furanone C30 (8.5)10
8 CFUs and 1.1 )10 9 CFUs respectively, versus 2.2 )10 9 CFUs for the control biofilms) (Fig. 1a) . After 96 h of growth only Furanone C30 treatment resulted in statistically lower CFU counts. Although these differences were statistically significant, their biological relevance is minimal. All biofilms, even the significantly smaller ones, consisted of approximately 10 9 CFUs. In the oral cavity, differences in plaque formation smaller than one log most likely do not result in a clinically different outcome. As previously observed, 48-h biofilms produced significant amounts of lactic acid (9) . Lactic acid accumulation was not or only slightly inhibited by addition of the QS modifiers, with the exception of 3-Oxo-N (Fig. 1b) . 3-Oxo-N almost completely abolished lactic acid accumulation. This inhibitory effect of 3-Oxo-N was still observed after 96 h of growth.
Dose-dependent activity of 3-Oxo-N Subsequently, a doseÁresponse curve was determined for 3-Oxo-N on 48-h biofilms (Fig. 2a) . Biofilm formation was not significantly affected by 3-Oxo-N, except for a slight yet significant inhibition of growth with 100 mM. In contrast, lactic acid accumulation was significantly reduced (16.3 compared to 10.1 mM) when 10 mM 3-Oxo-N was present during growth. Again, presence of 100 mM 3-Oxo-N resulted in biofilms with hardly any lactic acid accumulation. Competition of C12-HSL with 3-Oxo-N 3-Oxo-N is a homologue of the QS molecule C12-HSL and probably functions as a competitive inhibitor of C12-HSL detection in P. aeruginosa (10) . Therefore, the effect of this natural QS molecule on the activity of 3-Oxo-N was evaluated (Fig. 2b) . Increasing concentrations of C12-HSL did not affect lactic acid accumulation; in contrast, increasing concentrations of 3-Oxo-N again showed decreasing lactic acid accumulation. Addition of increasing concentrations of C12-HSL did not affect this decrease. These results suggest an alternative mechanism, different from QS interference, for inhibition of lactic acid accumulation by 3-Oxo-N.
Effect of 3-Oxo-N on the microbiome
In an attempt to explain the observed inhibition of lactic acid accumulation by 3-Oxo-N, its effect on the microbiome was determined (for full OTU table, see Supplementary Table 1 ). The inoculum contained 107 OTUs, while in vitro biofilm samples had on average 30.6 (SD 5.5) OTUs/sample. The Shannon Diversity Index was highest in the inoculum (3.0), followed by 96-h old biofilms and 48-h 3-Oxo-N-exposed biofilms (1.8), while 48-h control biofilms had the lowest diversity (1.4). According to the PCA, the biofilm replicates were highly similar (Fig. 3a) . The first component of the PCA, explaining 47.3% of the variance, separated the 96-h control biofilms from the others. Biofilms on the left side of the plot contained more Haemophilus/Actinobacillus (OTU142) while the 96-h control biofilms (right side) contained more Prevotella (OTU126, OTU240, OTU020), Megasphaera (OTU276), Solobacterium (OTU155) and Alloprevotella (OTU115). The 3-Oxo-N biofilms were located below their respective control biofilms in the PCA plot. The second component of the PCA, explaining 25.5% variance, was responsible for this separation. The control biofilms contained more Veillonella (OTU023), Streptococcus (OTU019, OTU198) and Aggregatibacter (OTU090) than their age-matched counterpart, while biofilms grown in the presence of 3-Oxo-N contained more Campylobacter (OTU097) and Streptococcus (OTU054).
Separate PCA plots per biofilm age ( Fig. 3b and c ) gave a clearer separation between the control biofilms and the 3-Oxo-N treated biofilms. For both analyses, the first principal component was responsible for this separation. In addition to the previously defined OTUs, Prevotella (OTU020) was more abundant in the control biofilms, while the 3-Oxo-N biofilms contained more Haemophilus/ Actinobacillus (OTU142).
Genus-level analysis of the biofilm composition showed that growth for 48 h in the presence of 100 mM 3-Oxo-N induced a large decrease in relative abundance of Streptococcus spp. (33% in treated compared to 61% in control), a small increase in Veillonella spp. (36% in treated compared to 31% in control) and a strong increase in Actinobacillus spp. (29% in treated compared to 5% in control) (Fig. 4a and b) . These differences remained after 96 h of growth ( Fig. 4c and d) .
Minimal inhibitory concentration of 3-Oxo-N on Streptococcus spp. Microbiome analysis revealed a decrease in presence of streptococci in 3-Oxo-N grown biofilms. Streptococci are well known lactic acid producing, aciduric bacteria, often associated with caries (20) . Decrease in their presence, related to species-specific toxicity of 3-Oxo-N, could explain the observed reduced lactic acid accumulation. The MIC of 3-Oxo-N for a panel of different oral Streptococcus spp. in pure culture ranged from 8 to 32 mM (Supplementary Table 2 ). Although there was a 4-fold difference in the MIC of the different Streptococcus species tested, all MIC values were within the active range of the compound.
Discussion and conclusion
Within the complex polymicrobial communities present in the oral cavity, intra-and interspecies communication mediated through QS systems is widespread. However, use of QS modifying approaches designed to maintain oral health is limited. In the present study, we aimed to investigate the effect of QS inhibitors on cariogenic dental plaque. For this purpose, we evaluated the effect of several QS modifiers on growth and cariogenic potential of in vitro oral biofilms. We evaluated the effect of the widespread AI-2 signal and two inhibitors thereof (Furanone C30 and 3,4-dibromo) (11, 12) . In addition, we evaluated an inhibitor for the more species-specific C12-HSL signal (3-Oxo-N) (10) . Of all tested compounds, addition of 3-Oxo-N resulted in the most striking effect. It inhibited the cariogenic potential in vitro without inducing a relevant inhibition of biofilm formation. Microbiome analysis showed a significant ecological change, possibly through species-selective growth inhibition. Although the exact mechanism remains unclear, it is unlikely that inhibition of C12-HSL-mediated communication is responsible for the observed effect.
Lack of biofilm growth inhibition by the test compounds was unexpected. Previous studies, using monocultures biofilms, describe impaired biofilm formation by QS inhibition in common oral bacteria (21, 22) . Absence of inhibition in the present study might be related to the use of microcosm and illustrates the necessity of using more realistic oral biofilm models to predict effectiveness of novel prevention and treatment strategies.
Lactic acid is rapidly produced by carbohydrate-consuming, acidogenic bacteria, and this causes a severe drop in the local pH (23) resulting in demineralization of the tooth-surface. Therefore, the accumulation of lactic acid is a phenotype belonging to cariogenic plaque. Ergo, low lactic acid accumulation is indicative for a non-cariogenic biofilm. Growth in the presence of 10 mM 3-Oxo-N significantly decreased lactic acid accumulation compared to the control and presence 100 mM 3-Oxo-N resulted in a barely detectable lactic acid accumulation. Based on this in vitro activity, 3-Oxo-N could represent a novel compound used to prevent caries. In general it is assumed that saccharolytic bacteria, mostly streptococci, are involved in rapid lactic acid production from sucrose. Microbiome analysis showed that 3-Oxo-N biofilms contained less S. salivarius/S. vestibularis compared to the control biofilms. Although these streptococcal species are not associated with dental caries, S. vestibularis has a mild cariogenic potential (24) . Streptococci in general are acidogenic (20) and the 2-fold reduction in streptococci can explain the observed decreased cariogenic potential of 3-Oxo-N grown biofilms. Lack of Prevotella in biofilms grown in the presence of 3-Oxo-N is an additional indication of a less cariogenic ecology. Although Prevotella is not known for its acid production, it is often associated with caries lesions (25, 26) .
The main carbon source of veillonellae is organic acids and preferably lactic acid (27) . Because of their lactic acid consumption, and consequent pH-rise effect, they are considered to be beneficial bacteria in the oral cavity (28) , and reduce the risk for caries. However, they are associated with caries lesions, most likely because of the availability of their preferred carbon source (29) , rather as causative microorganisms in the caries process. Although their exact role in caries is not clear (30) , the slightly higher relative abundance of veillonellae in 3-Oxo-N biofilms can be an additional reason for the reduction in the cariogenic phenotype of these biofilms. The combination of less streptococci and slightly more veillonellae result in a balanced metabolism where all the produced lactic acid is consumed, resulting in low lactic acid accumulation capacity of the biofilms.
However, 3-Oxo-N could have effects that go further than caries prevention. Microbiome analysis indicates that the presence of 3-Oxo-N during biofilm formation significantly affected species composition. Control biofilms cultured for 96 h contained Megasphaera micronuciformis and Solobacterium moorei. Megasphaera is associated with periodontal disease (31) and S. moorei is associated with halitosis, and was previously found in periodontal sites (32, 33) . The complete absence of these species in biofilms grown in the presence of 3-Oxo-N suggests that the compound suppresses maturation and development of an unhealthy ecology. One exception is the increase in abundance of Campylobacter in biofilms grown in the presence of 3-Oxo-N, which is associated with periodontitis (34) . Future studies are required to elucidate beneficial effects of 3-Oxo-N on periodontal biofilms.
The observed ecological changes cannot be explained by QS-inhibiting activity, as there was no competition between the inhibitor 3-Oxo-N and the natural QS molecule C12-HSL. C12-HSL (5-ring lactone) is a structural homologue of 3-Oxo-N (6-ring lactone). It is remarkable that no interaction could be observed between both molecules. C12-HSL did not induce or inhibit lactic acid accumulation, nor did it influence the inhibiting action of 3-Oxo-N. This selectivity could indicate the involvement of a specific binding protein with selectivity towards 6-ring lactone. Planktonic growth of several streptococci was inhibited by 3-Oxo-N; it is therefore possible that speciesselective growth inhibition is involved in the ecological change and concomitant decreased cariogenic potential of the microcosm biofilms. Further studies are required to reveal the exact molecular mechanism of 3-Oxo-N.
Nowadays, the most effective remedies to prevent caries are sufficient oral hygiene levels (regular removal of the oral biofilm) in combination with a limited frequency of fermentable sugar consumption (35) . In oral hygiene products, there are currently two effective compounds for caries prevention. Firstly, fluoride inhibits demineralization and promotes remineralization of the teeth, and after incorporation into the enamel, the enamel is slightly more resistant to future acid challenges (36) . In addition, fluoride has been shown to reduce lactate production in vivo by inhibiting bacterial enzymes (37) . Secondly, arginine is metabolized by oral bacteria resulting in increased pH and thus a less cariogenic environment (38) . These compounds do not reduce acid production by oral bacteria, but the negative effects of the acid are reduced. Use of 3-Oxo-N in dentifrices could represent a third, fundamentally different approach. Several studies will be required to assess the clinical, in vivo, merits of 3-Oxo-N. Questions related to dose, exposure time, substantivity and frequency of administration are presently unanswered. 3-Oxo-N prevents acid accumulation by maintaining a non-cariogenic ecology in in vitro oral biofilm even in the presence of fermentable sugars and thus represents a promising compound in maintaining a healthy ecology in dental plaque.
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